Streptococci are fastidious bacteria. They are auxotrophic for most amino acids and therefore strongly dependent on the exogenous supply of these nutrients. Several aspects of amino acid transport have been studied in intact cells of Streptococcus faecalis (3, 9) , S. lactis (19, 20, 23, 24) , S.
cremoris (19) , S. agalactiae (15) , S. thermophilus (1), S. pneumonia (25) , and S. pyrogenes (22) . The proton motive force (Ap) in these bacteria can be generated by the protontranslocating ATPase or by end-product efflux (17) . The generation of Ap in several Streptococcus species has been studied under different conditions (12, 13) . Ap functions as the driving force for the uptake of several solutes (13a) . The mechanism of energy coupling to solute transport in streptococci appears to be more complex than was initially thought. Conclusions about the mode of energy coupling are usually drawn from the effects of uncouplers, ionophores, and inhibitors of the membrane-bound H+-translocating ATPase and glycolytic enzymes. In intact cells, these inhibitors usually exert their effect on more than one metabolic process. For example, uncouplers and ionophores which dissipate ApH also cause changes in internal pH and can deplete the ATP pool to a significant extent (20) . Furthermore, manipulation of the ApH can result in complex changes in the activity of the transport system which are not related to ApH as a driving force (24) but are due to a regulatory effect of the internal pH (8) .
Recently, we described a method to study secondary transport of solutes in isolated membrane vesicles that lack a suitable primary proton pump (6, 7) . This method uses a membrane fusion step to insert a reconstituted primary proton pump into the bacterial membrane. Membrane fusion can be accomplished by a freeze-thaw-sonication step (6-8; A. J. M. Driessen, K. J. Hellingwerf, and W. N. Konings, J. Biol. Chem., in press) which results in the formation of tightly sealed vesicles. In this way, beef heart mitochondrial cytochrome c oxidase has been incorporated into membrane vesicles from S. cremoris. Since the electron donor-reduced cytochrome c only binds to cytochrome c oxidase molecules with their binding sites located on the outer surface of the * Corresponding author. membrane, Ap generation with a defined polarity (interior, negative and alkaline) is assured. With the electron-donor system consisting of ascorbate-N,N,N',N'-tetramethyl-pphenylene diamine (TMPD)-cytochrome c, a Ap of considerable magnitude can be generated and is maintained for at least 60 min. With membrane vesicles, a reliable and accurate determination of the magnitude of the Ap is possible, and the composition of the Ap can be easily manipulated by the use of ionophores. This well-defined fused membrane system is more amenable to detailed experimental studies of the kinetics, the specificities, and the mechanism of solute transport in streptococci.
The mechanism of energy coupling to entry and exit of neutral and branched-chain amino acids has been studied with such fused membranes (Driessen et al., in press). It was concluded that these amino acids are translocated in symport with one proton-amino acid molecule. The apparent complex relationship between the Ap and transport of neutral amino acids (8; Driessen et al., in press) could be explained by a regulatory effect of the internal pH on the activity of the L-serine and L-alanine carrier (8) . In this paper, we describe the specificity, kinetic properties, and pH dependence of branched-chain amino acid transport in S. cremoris. A scheme is presented of the sequential events in H+-L-leucine cotransport based on the impact of the pH and Ap on facilitated diffusion.
MATERIALS AND METHODS
Materials. "4C-labeled amino acids were obtained from Amersham Corp., Buckinghamshire, England, or from Du Pont N.E.M., Dreieich, Germany. The following uniformly '4C-labeled compounds were used: L-leucine (12.4 TBq/ mol), L-isoleucine (13.3 TBq/mol), and L-valine (10.7 TBq/mol). Octyl-P-D-glucopyranoside, crude asolectin, and horse heart cytochrome c were purchased from Sigma Chemical Co., St. Louis, Mo. All other chemicals were of reagent grade and were acquired from commercial sources.
Growth of S. cremoris and isolation of membrane vesicles.
S. cremoris Wg2 (Prt-) was grown anaerobically in MRS broth (4) at a controlled pH of 6.4 in a 5-liter fermenter.
5193
Membrane vesicles were prepared as previously described (16) and stored in liquid nitrogen in 50 mM potassium phosphate (pH 7.0) containing 10 mM MgSO4 at a concentration of 10 to 15 mg of protein per ml.
Purification and reconstitution of cytochrome c oxidase. Cytochrome c oxidase was isolated from beef heart as previously described (30) and reconstituted into asolectin liposomes by detergent dialysis (5) (6) (7) .
Fusion of liposomes with S. cremoris membrane vesicles. Fusion of S. cremoris membrane vesicles and cytochrome c oxidase proteoliposomes or oxidase-free liposomes was effected by freeze-thaw sonication as described (6, 7) .
Transport assays. Amino acid transport upon imposition of a A, or ApH (6) or driven by a Ap generated by cytochrome c oxidase activity (6-8; Driessen et al., in press) was assayed as described previously. More than 98% of liposomal phospholipid, estimated from the fluorescence of residual N-(7-nitro-2, 1 ,3-benzoxadiazol-4-yl)phosphatidylethanolamine incorporated into the asolectin liposomes (5 mol% phospholipid), was retained on the filters under these conditions.
For kinetic analysis of amino acid uptake, experiments were performed in tubes (7) and rates of Ap-driven uptake of branched-chain amino acids were determined from the amount of label accumulated during the first 15 s, using a concentration range between 1.5 and 100 ,uM. For imposed Ap-driven uptake and counterflow experiments, the transport rates were determined from the amount of label accumulated within 5 where leucine uptake was measured in the absence (J0) and presence (J,) of inhibitor and K, is the affinity constant of L-leucine uptake in the absence of inhibitor. Inhibitors were used at concentrations which inhibited leucine transport by approximately 50%.
L-Leucine efflux, exchange, and counterflow experiments were performed as described previously for L-alanine and L-serine (8) , except that S. cremoris membrane vesicles were loaded with 1 mM L-[14C]leucine, unless indicated otherwise. All facilitated diffusion experiments performed in the absence of Ap were carried out in the presence of the uncoupler 5-chloro-3-tert-butyl-2'-chloro-4'-nitrosalicylanilide (5 ,uM min, bound L-leucine was determined by the addition of 4 [lI 50 mM L-leucine (final concentration, 0.5 mM). Flow dialysis was performed as described (11) .
Measurement of A* and ApH. A* was determined from the distribution of tetraphenylphosphonium (Ph4P+) assessed with a Ph4P+-selective electrode (5, 7). ApH was determined from the fluorescence of pyranine entrapped in membrane vesicles as described previously (5, 7). Protein determination. Protein was assayed by the method of Lowry et al. (14) with bovine serum albumin as a standard.
RESULTS
Kinetic analysis of branched-chain amino acid transport.
The branched-chain amino acids L-leucine, L-isoleucine, and L-valine were accumulated 10-to 20-fold at pH 6.0 by S. cremoris membrane vesicles fused with cytochrome c oxidase proteoliposomes when these were supplied with the electron donor system ascorbate-TMPD-cytochrome c (not shown). A steady-state level of accumulation was reached in 4 to 6 min. Eady-Hofstee plots of the initial rates of L-leucine uptake measured as a function of increasing L-leucine concentrations are shown in Fig. 1 . When the L-leucine concentration was varied from 1.5 to 250 ,uM, biphasic kinetics of L-leucine transport were observed. At pH 7.0, the highaffinity transport system exhibited a K, of 6.5 ,uM and a Vmax of 1.9 nmol of L-leucine per min per mg of protein ( Fig. 1) , whereas the low-affinity component exhibited an apparent K, Ki values identical to the K, values found for uptake of these amino acids by the high-affinity system (Table 1) .
A similar picture emerged when the kinetics of facilitated diffusion of L-leucine were studied in the absence of Ap at pH 7.0 (Fig. 1, inset) . In these experiments, the external L-leucine concentration was varied over a broader range (3 pFM to 4 mM). Initial rates of L-leucine influx were determined from time points taken during the first 20 s, yielding a (Fig. 2A) . The rate of L-leucine efflux increased with increasing pH ( Fig.  2A) with an apparent pK of about 6.8 (not shown). The rate of L-leucine influx showed a pH dependency (Fig. 3, inset) qualitatively similar to the rate of efflux ( Fig. 2A) .
Efflux can be described as consisting of at least four steps in the transport cycle: (i) binding of the solute and cotransported ion (H+) to the carrier on the inner surface of the membrane; (ii) translocation of the solute-H+ complex across the membrane; (iii) release of substrate and H+ from the carrier on the outer surface of the membrane; and (iv) reorientation of the free carrier to the inner surface of the membrane. To test whether the rate of efflux is limited by the return of the free carrier, efflux of L-[14C]leucine was studied under conditions identical to those described above, except that an equimolar concentration of nonlabeled L-leucine was present in the external medium (i.e., under exchange conditions). At all pH values tested, the exchange rates were faster than the efflux rates (Fig. 2B) , indicating that the rate-limiting step during efflux is the return of the free carrier to the inner surface of the membrane. At high pH (>7.0), efflux was almost as fast as exchange. In contrast with efflux, L-leucine exchange exhibited virtually no pH dependence, suggesting that the carrier remains protonated during exchange.
Another method to study exchange is counterflow. Since a more precise resolution of the initial rate of exchange is possible in counterflow experiments, this method was used to study the pH dependency of the kinetic constants of exchange. Membrane vesicles were equilibrated with 50 ,uM L-leucine and subsequently diluted 50-fold into a solution containing various concentrations of L-[14C]leucine (1 to 20 ,uM). By this means, an outwardly directed L-leucine concentration gradient was imposed, and rapid exchange and efflux occurred in which the initial phase caused a transient accumulation of labeled L-leucine (Fig. 3) . The K, for exchange (counterflow) increased with increasing pH (Fig. 4) , whereas the Vmax remained essentially constant. At high pH, the kinetic analysis of counterflow was relatively inaccurate; therefore, counterflow was assayed under conditions in which the external L-leucine concentration was saturating (100 ,uM). The initial rate of uptake was essentially independent from pH, albeit the rate of decay after reaching the maximal uptake level displayed a pH dependency similar to that observed for L-leucine efflux (Fig. 2A) .
Effect of Ap on L-leucine influx, efflux, and exchange. The effect of the magnitude and composition of Ap on the kinetic constants of L-leucine transport at pH 6.0 was investigated. A ApH was imposed by the use of an acetate diffusion gradient. The Vmax increased with increasing ApH, whereas K, remained largely unchanged (Table 3) . Similar results were obtained when the driving force was supplied by a A+, imposed by the use of a valinomycin-mediated potassium diffusion gradient (Table 3 (Fig. SA) . On the other hand, imposition of an inwardly directed potassium diffusion gradient (At/; interior positive) enhanced the rate of L-leucine efflux almost to the rate of exchange. Ap had no effect on L-leucine exchange (Fig. SB) . The effects of A4j and ApH on L-leucine efflux were additive. Imposition of an outwardly directed acetate diffusion gradient (ApH; interior alkaline) (Fig. 5C ) retarded efflux only by a factor of 2. Simultaneous imposition of A*i and ApH (interior negative and alkaline) resulted in a more than eightfold inhibition of the rate of L-leucine release.
pH dependency of the kinetic parameters of Ap-driven transport. The pH dependency of the kinetic parameters of L-leucine transport was studied in more detail. K, values were determnined over an extended pH range for L-leucine uptake driven by an imposed A* (Fig. 6, open circles) or ApH (Fig. 6, closed circles) . A sigmoidal increase of the affinity with increasing H+ concentration was observed, which was independent of the nature of the driving force. An apparent pK of about 6.9 was calculated from these data. These K, values fit well with the K, values determined for Ap-driven transport of L-leuclne when the driving force was furnished by cytochromne c oxidase (Tables 1 and 4) .
The pH dependency of L-leucine efflux (Fig. 2) suggested that deprotonation of the carrier on the outer surface of the membrane is one of the rate-limiting steps of efflux. Under conditions of Ap-driven transport, deprotonatidn occurs on the inner surface of the membrane. Thus, one would anticipate that the rate of transport is affected by the internal pH.
The effect of the internal pH on L-leucine uptake was studied under conditions in which the magnitude of Ap was kept constant, whereas the internal pH was varied by the addition of the ionophore nigericin. Kinetic experimernts were performed at pH 6.0 (Ap equaled -105 to -115 mV) in the absence (internal pH 6.6) and presence (internal pH 6.0) of nigericin, with a L-leucine concentration range of 1.5 to 25 ,uM. The Vmax of L-leucine uptake decreased markedly when the internal pH was lowered because of the action of nigericin (Table 4) . A similar experiment was performed at pH 7.0. Since ApH is small at this pH, very little effect was observed on Vmax with the addition of nigericin (Table 4) . It is remarkable that the Vmax was approximately twofold higher at pH 7.0 compared with pH 6.0 in the absence of nigericin, despite a lower magnitude of Ap.
DISCUSSION
In this study, the properties of the branched-chain amino acid carrier of S. cremoris were analyzed with respect to the substrate specificity and the pH dependency of various modes of carrier-mediated transport.
Leucine, isoleucine, and valine are transported by a common stereospecific transport system. The kinetics of Ap-driven leucine transport are biphasic, suggesting the existence of two transport systems. Biphasic kinetics are even more pronounced when facilitated diffusion of leucine is examined. However, the low-affinity component displayed nonsaturability, with an apparent first-order-rate constant of 0.85 min-1. This value is in reasonable agreement with the diffusion constant calculated from steady-state accumulation studies (e.g., 0.9 to 1 min-') (Driessen et al., in press ).
Ap-driven leucine uptake results in a steady state in which the rate of carrier-mediated influx is balanced by an outwardly directed passive flux of leucine across the membrane. Consequently, a kinetic steady state is reached which is lower than the solute accumulation ratio predicted from thermodynamnic equilibrium (8; Driessen et al., in press). It is therefore concluded that there is only one transport system for branched-chain amino acids in S. crernoris. Similar ing amounts of leucine are present both on the inside and on the outside (e.g., exchange and counterflow), rates of transport are essentially pH independent and faster than rates of efflux. This observation is consistent with the notion that the carrier recycles in the protonated form during exchange and the initial events of counterflow. Consequently, it can be concluded that efflux occurs by an ordered mechanism in which leucine is released first from the carrier, followed by release of the symported H+ on the outer surface of the membrane (Fig. 7) . During efflux, reorientation of the free carrier is necessary to bind another H+ and leucine molecule on the inside of the membrane. The rate of efflux is inhibited by A*i, inside negative. In contrast, exchange is unaffected by Aq4. This observation is consistent with the conclusion that the reaction catalyzed by the free carrier involves net movement of negative charge (Fig. 7) .
In analogy with efflux, leucine influx down a concentration gradient appears to be limited by the rate of deprotonation of the carrier on the inner surface of the membrane. The rate of influx increases when the internal pH is raised (Table 4) . Deprotonation becomes faster at higher internal pH, and ApH will cause a shift in the equilibrium between the protonated and unprotonated forms of the carrier (Fig. 7) , favoring the unprotonated form at high internal pH. Imposition of A+i, inside negative, accelerates influx, which is consistent with the previously discussed effect of Ali on efflux, and most likely affects the return of the free carrier.
Analysis of our data according to the general model for H + (ion)-solute cotransporters described by Wright (28) (19) . Despite the fact that Ap remains constant, the rate of leucine transport becomes higher as a result of a increase in internal pH, which is consistent with the model depicted in Fig. 7 .
The pH dependence of leucine transport shows many analogies with lactose transport in E. coli (10, 26, 27) . However, the pKa of the H+-binding group of the lactose carrier is much higher, i.e., 8.3 . In analogy with leucine transport, the rate of lactose efflux increases with increasing pH, whereas the rate of exchange is pH independent. Deprotonation of the carrier and a reaction involving the return of the free carrier act as rate-limiting steps. It was concluded that H+ and lactose binding to and release from the carrier are ordered processes (10, 26) . However, recent studies indicate that the pKa of the H+-binding group is also visible during exchange transport (18, 27) . Therefore, random binding of the substrates to the carrier on both sides of the membrane seems more likely. The low dissociation constant for the symported H+ forces the carrier in a state in which H+ binding before substrate binding is favored.
In conclusion, L-leucine, L-isoleucine, and L-valine transport in S. cremoris is catalyzed by a single transport system, highly specific for L-isomers of branched-chain amino acids and analogs. H+ and amino acid binding to and release from the carrier occur by an ordered mechanism in which proton release and reorientation of the free carrier are rate limiting.
